Introduction
The operation of the condenser has a large impact on the economy of a steam turbine power plant. The pressure in the condenser, which determines the resulting enthalpy decrease and the internal work in the turbine, depends on many parameters [1] . In the literature, papers can be found which examine the effect of particular parameters, such as cooling water mass flow rate [2, 3] , cooling water temperature at the condenser inlet [4] [5] [6] [7] , and turbine exhaust steam mass-flow rate [8] on the condenser performance and the overall heat rate, and power of entire systems.
Deterioration of the operating characteristics of the condenser may lead to a significant decrease in the electrical output and to an increase in the heat rate of the thermal power plant (TPP) [9, 10] . Therefore, an analysis of the condenser plant with the aim of identifying problems and determining the causes of irregular operation is very important. For precise diagnostics, it is necessary to conduct detailed tests of the steam turbine plant and also perform calculations on the behavior of condenser and other systems at the design and at off-design conditions [11] [12] [13] .
For the condenser of the 120 MW Morava TPP in City of Svilajnac, Serbia, detailed calculations of the performance of the condensing system under different operating conditions have been carried out. Also, comprehensive tests on the condenser were conducted and the experimental data were compared with the numerical results. The impact of deviations in the condenser performance on the main thermodynamic parameters and on the overall economy
--------------
The Morava TPP has been in operation since 1969 with an installed nominal electrical output of 120 MW. Since the first synchronization with the network, the plant has had more than 220.000 operating hours. It uses lignite, brown coal, and hard coal as fuel.
The heat balance diagram of the plant with parameters relevant for the calculation of the condenser is given in fig. 1 . A control calculation of the condenser for a given heat transfer surface area, i. e., for a given number and the geometry of the pipe [14] , was conducted. The calculation results are given in tab. 1. The in-house codes developed by the Laboratory of Thermal Turbomachinery, University of Belgrade (LTT/UB) were applied for the thermodynamic design and analysis and the condenser (Condpro) and for the calculation of the heat balance diagram of the steam turbine plant (STCycle) [15, 16] . Comparing the condenser design pressure given by the plant manufacturer and the resulting pressure obtained from the control calculations, it can be concluded that the geometry, i. e., the surface area of the condenser, is well determined. A cleanness factor of the tubes of 0.85 is also selected in accordance with the usual practice and corresponds to the operating conditions for average foiled tubes. 
Test of the condenser
Since the costs of the burned fuel are increasing from year to year, the power plant management considers options to modernize the plant with the aim of improving the operating performance and to meet new legal requirements. The LTT/UB was engaged to carry out tests of the steam turbine plant [17] . The boiler plant was excluded from this analysis.
The aim of the study was to: -determine the gross heat rate/thermodynamic efficiency, -evaluate the reference conditions the turbine plant, and -identify deviations in the behavior of the individual components.
Based on the results, recommendations for further operation were to be made and a list of measures for future modernization of the plant is to be prepared.
For a full diagnostic test, the possibility of calculating the efficiency/performance of all individual components of the power plant is essential. Therefore, a comprehensive test with a large number of measuring points was undertaken. All measuring points were equipped with high-accuracy instruments to obtain the most accurate information.
In scope of testing the steam turbine plant of the Morava TPP in February 2016, detailed testing the condenser was conducted. Figure 2 shows the heat balance diagram with measuring points for testing the steam turbine plant in the Morava TPP. The tests were performed at the following operating loads: 110 MW (test T110), 105 MW (T105), 90 MW (T90 and T90K), and 80 MW (T80).
Measurements of the following parameters were performed: -the condenser pressure at seven measuring points, -the cooling water temperature at the inlet at the two measuring points, and -the cooling water temperature at the outlet at the four measuring points.
Based on the test results and calculation of the mass and energy balance of the turbine plant, the following results were determined: -steam mass-flow rate at the inlet to the condenser, -condition of the steam (enthalpy and entropy) at the inlet to the condenser, and -mass-flow rate of the cooling water.
The results of the condenser test at the design load are presented in tab. 2. 
Operating conditions and their influence on the condenser performance
The parameters that affect the performance of the condenser vary during operation, so the condensation pressure depends on: -the flow rate and temperature of the cooling water, -the plant load, i. e., the flow rate and properties of steam at the turbine outlet, which further depends on the turbine efficiency and on the overall condition of the plant, and -the current state of the condenser, i. e., the active surface for heat exchange, fouling of the tubes, air leakage, quality of vacuum pump operation, etc.
Hence, there are a number of parameters that may lead the condensation pressure to be above or below the design value, even in the case of a completely correct state of the condenser and all related equipment. Therefore, deviations in the condenser behavior in everyday operation are difficult to observe. It is possible to locate problems in operation only by detailed tests and calculations.
Evaluation of the test data showed that: -the condenser pressure at all operating points was near the design value of 0.07 bar, but considerably higher than the expected values for the current cooling water temperature (about 7 °C), which was much lower than the design value (24 °C) and -the cooling water-flow rate obtained by calculation from the balance was considerably lower than the design value (4555.6 kg/s).
Cooling water-flow rate
The cooling water mass-flow rate was determined applying two methods: -from the test results based on the energy balance of the plant and -by measurement of the cooling water mass-flow rate with an ultrasonic flow meter.
A comparison of the cooling water-flow rate calculated from the energy balance of the plant and directly measured with the ultrasound flow meter is presented in tab. 3. In standard operation of the plant, during the winter period with a low cooling water temperature only one pump is in operation. However, from the results (tab. 3), it is clear that the designed cooling water-flow rate (4555.6 kg/s) can not be achieved even if both pumps are in operation. Figure 3 presents a simplified diagram of the pump station and the cooling water system in the Morava TPP, and fig. 4 shows the pump performance diagram with one and two pumps connected with pipelines. Two centrifugal pumps were installed in the cooling water pump station. The declared operating parameters for the pumps are Q = 2.4 m 3 /s, H = 13.5 m, and n = 480 min -1 and for the electric motor P E1 = 450 kW and η E1 = 0.92 [14] . The pumps are mutually interconnected in such a way that either of the two pumps may operate in a stand-alone mode or, if an increase in the cooling water-flow rate is required, the pumps may operate in a parallel mode. Figure 4 shows a diagram of the coupling of the cooling water pumps in stand-alone or parallel mode. The pump characteristics of head, power and efficiency as a function of flow rate were established based on the test report for the pumps [18] . The approximate operating characteristic of the pipeline is obtained based on the cooling water-flow rate measured with the ultrasonic flow meter which was installed on the cooling water pipeline. The measured values were Q ≅ 2.4 m 3 /s in the pump stand-alone operation and Q ≅ 3.6 m 3 /s in the parallel mode of two-pump operation: (tab. 3).
In the case of the pump stand-alone operation (operating point: OP PI ), the efficiency was η (OPPI) = 91% and the pump power was 365 kW. In the parallel mode of the two pumps (operating point OP (I+II) ), the flow rate of each pump was Q = 1.8 m 3 /s. For more precise analysis of the pumps in the cooling water system, it is necessary to perform calculations on the basis of data collected in the power plant (the declared performance by the manufacturer or the data obtained from the on-site tests, disposition of the pump station and the levels) and corresponding pipes and valves in the cooling water system (dimensions, elevation, suction strainers, valves, elbows, etc.). However, for the present investigation, the results obtained in this way were sufficient.
It is obvious that the selected cooling water pumps in parallel mode can not achieve the design cooling water mass-flow rate of 4555.6 kg/s. In the existing situation, a cooling water flow rate of 2400 kg/s may be realized if one pump operates, or 3600 kg/s if two pumps operate. This deficit in the cooling water-flow rate causes a significant increase in the condenser pressure, tab. 4, to about 10-30 mbar compared with the design value (0.0709 mbar). In order to separate the effect of deterioration of the condenser pressure due to the reduced flow of cooling water from the effects caused by the current state of the condenser, calculations of the condenser performances for different loads were performed using the software package CONDPRO. A cooling water temperature of 7 °C, which was measured during the plant tests in February 2016, was taken as reference. The calculated results were compared with the test results, figs. 5 and 6. It can be seen that the condenser pressure was 10-20 mbar higher than the value that would have been achieved if the condenser, in the given circumstances, had operated with the design performance.
In fig. 7 , a comparison between the measured and calculated values of the temperature difference, Δt 2 , between the steam condensation temperature and the cooling water temperature at the condenser outlet is presented. It can be seen that the values obtained in the tests were considerably higher, by approximately 8-10 °C, than the design values. The reasons for this are: -reduced heat transfer coefficient on the water side of the tubes, -leak and air penetration into the condenser, and -fouling of tubes and reduced surface area for heat exchange. fig. 7 , it is seen that, owing to the decrease in the cooling water-flow rate, Δt 2 increases by about 4 °C at a flow rate of 3600 kg/s or about 6 °C at a flow rate of 2400 kg/s compared with the design state. This effect was caused by the decrease in of the cooling water velocity in the pipes, which was reduced from the design value of 1.94 m/s to 1.53 m/s at a flow rate of 3600 kg/s and to 1.02 m/s at a flow rate of 2400 kg/s. This significantly decreases The second group of problems involve leakage and penetration of air into the condenser. Figure 8 shows a diagram for a test with a change/increase in the condenser pressure if the vacuum pumps were out of operation. The results show that this increase was about three times higher than allowed. The vacuum pumps are not able to evacuate such a large air intake in a satisfactory manner since they are not designed for such a large capacity.
The third group of problems are: -the reduced condenser area because a relatively large number of tubes are closed due to damage and -tubes fouled by deposits on the water side, which cause a decrease of the heat transfer coefficient. It should be noted that the condenser tubes have not been replaced since the plant came into operation, and that here there is a considerable potential for improvement of the plant.
Impact of the higher pressure of the condenser on the plant performance
The design cooling water flow rate can not be achieved in the existing plant without major reconstruction. Therefore, the value of the cooling water-flow rate here that can be achieved by two pumps in parallel operation, i. e. 3600 kg/s, was taken as reference. Table 5 presents the calculated impact of the cooling water-flow rate and the state of the condenser on the most important performance parameters of the plant: the electrical power output and the gross heat rate. The calculation was performed using the software package STCycle [15] . It can be seen that the electrical power is reduced by about 3.5 MW due to the condenser state (air leakage, smaller area for the heat exchange, and fouling and deposits) and to about 2.3 MW due to the decreased cooling water-flow rate (2400 instead of 3600 kg/s). * It was assumed that the design cooling water-flow rate is 3600 kg/s; it is possible to achieve this value with the existing pumps and pipeline system.
Calculation of the condenser performance for a wide range of operating conditions
As already stated, the design cooling water-flow rate of 4555.6 kg/s can not be realized with the existing pumps and pipeline system. Therefore, using the software package CONDPRO [16] , calculations on the condenser were carried with one pump (flow rate 2400 kg/s) and two pumps (flow rate 3600 kg/s) in operation and at different temperatures of the cooling water, loads and the cleanness factor of the tubes. The results are shown in fig. 9 . The diagrams are aimed for use in the operation of the plant. Comparing the results of the calculation from fig. 9 and the condenser pressure achieved at different operating conditions, the staff in the power plant will be able to draw conclusions regarding the state of the condenser, i. e., to define maintenance measures if necessary. 
Conclusions
A detailed analysis of the operation of the condensing plant in the 120 MW Morava TPP was carried out. Parallel to the calculations, comprehensive tests of the power plant were conducted and the experimental data were compared with the theoretical results. It was found that the pressure in the condenser had been significantly increased. At a load of 110 MW (test T110), the measured condenser pressure was 82.3 mbar instead of the 40 mbar that would be achieved if the condenser operated according to the design. This deterioration of the condenser performance caused a deficit in the plant electrical output of more than 5 MW during the test at 110 MW (T110). The reasons for this lies in the decreased flow rate of the cooling water and the poor state of the condenser because the pipes had not been replaced since the original commissioning in 1969. The cooling water-flow rate was reduced because only one pump (instead of two) was in operation. The considerable air penetration due to leakages, the decreased surface area for heat exchange due to the plugged tubes, tube deposits, and fouling lead to additional steam pressure increases in the condenser. All this causes a large decrease in the plant electrical power and an increase in the heat rate. The analyses of the Morava TPP show that it is necessary to operate with two cooling water pumps, even at low cooling water temperatures, and to carry out a major overhaul of the condenser in which the tubes should be replaced and the leakages and air penetration eliminated.
The procedure applied here which consists in a comprehensive testing combined with a detailed theoretical analysis and a calculation of the condenser behaviour over a wide range of loads is able to detect successfully deviation and problems in operation of condensers in steam turbine power plants. Solving of the found problems may significantly improve thermodynamic and financial performances of the power plants. 
